This review will summarize and interpret recent literature regarding the human CMV immune response, which is among the strongest measured and is the focus of attention for numerous research groups. CMV is a highly prevalent, globally occurring infection that rarely elicits disease in healthy immunocompetent hosts. The human immune system is unable to clear CMV infection and latency, but mounts a spirited immune-defense targeting multiple immune-evasion genes encoded by this dsDNA β-herpes virus. Additionally, the magnitude of cellular immune response devoted to CMV may cause premature immune senescence, and the high frequencies of cytolytic T cells may aggravate vascular pathologies. However, uncontrolled CMV viremia and lifethreatening symptoms, which occur readily after immunosuppression and in the immature host, clearly indicate the essential role of immunity in maintaining asymptomatic co-existence with CMV. Approaches for harnessing the host immune response to CMV are needed to reduce the burden of CMV complications in immunocompromised individuals.
Multiple viral immune evasion genes have been identified, which profoundly interfere with both innate and adaptive compartments of the host immunity, preventing viral clearance [4] . Nonetheless, following subclinical primary CMV infection, the virus and the immune system are able to reach a homeostatic balance, and a lifelong latency is established primarily in cells of the myeloid lineage [5] . Reactivation events are likely, but their detection is relatively uncommon in immunocompetent individuals. Throughout the host life course, the enormous and continuous commitment of immune resources to controlling this one single virus exerts a heavy toll on the host system. In this context, a number of studies have indicated that CMV may contribute to the development of vascular diseases, including atherosclerosis, and have also outlined the deleterious effect of CMV on immune senescence and health outcomes in the elderly [6] .
Significant suppression of host antiviral immunity can alter the life-or-death immune surveillance balance, allowing either CMV reactivation to become detectable or primary infection to cause clinical symptoms [7] [8] [9] [10] [11] . Uncontrolled viral replication and dissemination result in the development of life-threatening end-organ damage (CMV disease). Likewise, acquisition of CMV infection in utero or immediately after birth causes clinical complications that can be substantial and severe, as a consequence of the incapability of the immature host to adequately resolve the primary infection and convert the virus into latency.
Considering the profound effects of CMV infections on the health and quality of life of immunosuppressed individuals, the elderly and children with congenital infection, it is not surprising that the development of a vaccine against CMV or immunotherapeutic approaches to limit the incidence of CMV disease are considered a high priority [12] [13] [14] . Unfortunately, CMV replication is species-restricted and therefore no natural model exists for evaluating vaccine strategies directly applicable to human disease. Despite this difficulty, numerous clinical studies have been performed over the past three decades, although successful licensure of an effective vaccine formulation or immune strategy against CMV remains elusive [13, 14] .
To design effective therapeutics, a better understanding and characterization of the immunological mechanisms of primary and latent CMV infections, improved diagnostic and immune-monitoring tools, novel preventive and treatment options are of critical importance. The purpose of this review is to summarize and interpret the most relevant findings and recent literature regarding the complex interplay between the host immune system and CMV-mediated immune evasion, and the attempts to develop protective anti-CMV immunestrategies.
Virus entry & innate immunity
CMV displays a broad host cell range, being able to infect several cell types, such as endothelial cells, epithelial cells (including retinal cells), smooth muscle cells, fibroblasts, leukocytes and dendritic cells [15, 16] . In healthy individuals, primary CMV infection initiates with replication in the mucosal epithelium; subsequently, the virus disseminates to monocytic cells of myeloid lineage including monocytes and CD34 + cells, where it establishes latent infection. Viral gene expression in these latently infected cells is restricted and markedly different from lytic infection. Genes that are abundantly expressed in lytic infection are expressed only transiently and weakly in in vitro experimental models of latency [17] . Thus, it has been presumed that cell immune surveillance in latently infected cells is limited. Nonetheless, a number of latency-associated transcripts, whose mechanistic role remains to be clarified, have now been described [18] . Interestingly, T-cell responses to latency-associated proteins have been shown, which indicate that latently infected cells could also potentially come under T-cell control [19] .
The differentiation of virus-infected monocytes into macrophages can initiate productive infection. Infection of endothelial cells and hematopoietic cells facilitates systemic spread within the host, while infection of ubiquitous cell types, such as fibroblasts and smooth muscle cells, provides the platform for efficient proliferation of the virus [15, 16] . As CMV enters cells to establish infection, the host recognizes the virions and activates several mechanisms and pathways of innate immune response. These include inflammatory cytokines, type I IFN and upregulation of costimulatory molecules that are crucial for slowing the pathogen and subsequently priming a high-quality adaptive immune response [20] . The innate immune responses are the first line of defense against CMV and allow the host to rapidly mount antiviral measures. Particularly during the perinatal period, innate immunity seems to be primarily responsible for host defenses against CMV infection, because of the immaturity of adaptive immunity [21] .
Detection of pathogens by the innate immune system is carried out by a class of immunesensor molecules termed pattern recognition receptors (PRRs). The Toll-like receptors are a class of PRRs that detect a broad range of pathogens, including bacteria and viruses [22] . Several studies from the Compton group have indicated that the very initial stages of CMV infection are subject to innate detection by Toll-like receptor 2. This ancient PRR has been shown to recognize CMV surface glycoproteins gB and gH, which leads to activation of an NF-κB-dependent signal transduction pathway [23] . The activation of the innate immune system also includes recruitment of professional APCs, phagocytes and NK cells [20] . Characterized by the lack of both CD3 + T-and CD19 + B-cell markers, in humans they usually express the surface markers CD16 (FcγRIII) and CD56. NK cells function as important sentinels of the immune system and are considered a bridge between the innate and adaptive immune systems because of their ability to provide rapid cytotoxic function similar to that of innate immunocytes (such as macrophages and granulocytes), and because this cytotoxic function (such as production of IFN-γ, granzymes and perforins) is closely aligned with that of T lymphocytes. It has been suggested that NK cells provide a cytokine milieu that supports and drives the subsequent maturation of adaptive immunity and in particular of T cells [24] . There is also increasingly compelling evidence that NK cells play a crucial role in host defense against viral infection [25, 26] . While murine CMV infection provides direct evidence of the importance of NK cells in CMV clearance and protection [27] , relatively little is known about the role of NK cells in the immune defense against human CMV. Complex arrangement of subsets expressing overlapping repertoires of invariant surface receptors, termed activating (aKIR) and inhibitory killer immunoglobulinlike receptor (iKIR) on NK cells are involved in the destruction of virally infected cells [28] . The role of aKIR genes seems associated with CMV reactivation, and in hematopoietic cell transplantation, certain haplotypes have recently been described to control CMV infection [29] [30] [31] . Additionally, patients with rare genetic defects involving overexpression of an iKIR can have serious recurrent episodes of CMV disease [32] . Finally, the extensive immune evasion mechanisms that CMV encodes to prevent NK cell activation indicate their importance in the innate response to CMV [33] [34] [35] . Recent studies in a rhesus macaque model of CMV infection have shown how the CMV-encoded viral IL-10 ortholog (vIL-10) attenuates innate immunity, establishing a long-term deficit of adaptive antiviral immunity [36] . In particular, vIL-10 alters the earliest host responses to primary CMV infection by reducing the size of the innate NK effector cell pool. This early viral strategy can modify the long-term adaptive immune responses to viral antigens, facilitating persistence in the immunocompetent host.
Control of CMV infection & adaptive immunity
Following establishment of primary CMV infection, virus particles or virus-associated dense bodies (defective enveloped particles that lack viral capsid and DNA [37] ) are processed by professional APCs, which stimulate the antigen-specific immune response. The adaptive immune response to CMV is among the strongest ever documented in humans and fully engages both humoral and cellular immunity [38] [39] [40] . The development of adaptive immunity is needed to ultimately control primary CMV infection, after which CMV will enter a latency phase. The establishment of sustained and long-lasting adaptive immunity in healthy individuals is vital to maintain CMV latency and prevent productive (lytic) infection, which, in contrast, is common in immune-immature or immunocompromised individuals and patients on immunosuppressive medication, and often leads to uncontrolled replication, clinically serious CMV morbidity and mortality [7, 10, 11] .
Humoral response
During CMV primary infection, antibodies specific for multiple CMV proteins are elicited in the host. They include structural tegument proteins (e.g., pp65 and pp150), envelope glycoproteins (predominantly gB and gH and gH/gL multimeric complexes), and nonstructural proteins such as the IE1 protein [15, 41] . The role of antibodies for protection against and control of CMV has been debated. However, studies indicated that humoral immunity is crucial in restricting viral dissemination and probably contribute to minimizing the clinical manifestations of the disease [41] .
Historically, the determination of the neutralizing activity of human sera from CMVinfected individuals has been carried out in in vitro assay systems using exclusively human fibroblasts, while the whole spectrum of antigens targeted by CMV-neutralizing antibodies remained poorly characterized [41] . More recently, this conventional approach has been challenged. Seminal studies have demonstrated that the entry pathway in fibroblasts, in which CMV replication differs from that in endothelial, epithelial and myeloid cells, is essential for the systemic spread of CMV [15, 41] . In particular, the multimeric gH/gL/pUL complex has been shown to be required for infection of both endothelial and epithelial cells, while the glycoprotein complex gH/gL/gO is required for infection of human fibroblasts [42] . Importantly, it has been found that antibodies conformational to the gH/gL/pUL complex appear to display marked CMV-neutralizing and dissemination-inhibiting activity [39, 41] . These results indicate the need for a revision of the fibroblast-based approach for CMV-neutralization studies to fully evaluate the epidemiological impact of neutralization antibodies against CMV in the human population.
Cellular response
The size of the CMV-specific T-cell response is the most striking aspect of the dynamic, life-long interaction between the host and CMV. The frequencies of CMV-specific T cells in healthy subjects are much higher than those observed for other human viruses (e.g., influenza, adenovirus, poxvirus, measles, mumps and other herpes viruses) and are similar to those of HIV-specific T cells in active HIV infection [3] . The properties of CMV that determine such large and long-lasting T-cell responses in the absence of detectable CMV viremia have not been elucidated. However the relatively prolonged, but reduced viral replication during primary infection may induce recruitment of CMV-specific T cells into the memory compartment. T cells are essential to restrain CMV viral replication and prevent disease, but do not eliminate the virus or preclude transmission. Broadly targeted CMVspecific T cells dominate the memory compartments of exposed subjects, comprising on average approximately 10% of both the CD4 + and CD8 + memory compartments in peripheral blood [3] . CMV-specific T-cell frequencies continue to inflate throughout life, and very large responses may be observed ex vivo against single epitopes contributing to a substantial fraction of memory T cells in healthy seropositive individuals ( Figure 1) [3, 6, 43] . However, the extent to which high frequencies of CMV-specific T cells are required for viral control remains unclear. In fact, is not uncommon to find CMV-seropositive immunocompetent individuals who maintain lifetime protection from symptomatic CMV even with minimal CMV-specific T-cell responses [3, 44] .
The most comprehensive study in CMV-seropositive healthy individuals with various MHC class I types has identified CMV-specific responses from both CD4 + and CD8 + T cells to 213 predicted CMV-encoded open reading frames (ORFs) using 13,687 peptides. 151 ORFs elicited a CD4 + or CD8 + T-cell response in at least one donor. Cellular responses significantly differ among subjects, with some individuals recognizing only a single ORF and others as many as 39 [3] . Therefore few or multiple ORF-specific T-cell responses may not be representative of the overall individual's CMV-specific T-cell response. Despite the large number of CMV-specific targets of the T-cell response, the vast majority of studies of the CMV-specific T-cell response in primary infection and long-term memory have measured immunity to pp65-and IE specific T cells, therefore limiting full understanding of the entire adaptive immune response to CMV and the correlates of protective immunity [3, 45, 46] . Though the in-depth ex vivo analyses by Sylwester et al. [3] indicated that UL83 (pp65) and UL123 (IE) were recognized by more than 50% of individuals, several other ORFs including UL48, UL55, UL122, UL48, UL32, UL123, UL99 and UL82 were also at the top of the recognition hierarchy for both CD4 + and CD8 + T-cell responses; however, their immune profiling remains to be fully characterized [47] .
Several CMV-encoded gene products can cause disruption of the MHC class I and II antigen presentation pathway to avoid T-cell recognition (reviewed in [4] ). Recently, a viral homolog of the immunomodulatory cytokine IL-10, expressed during latency (cmvLA IL-10), has been shown to reduce expression of MHC class I and II molecules and inhibit proliferation of peripheral blood mononuclear cells and the production of inflammatory cytokines [48] .
The time course of the appearance of CMV-specific adaptive immune responses is difficult to follow in asymptomatic healthy subjects, since time of onset of primary infection typically goes unnoticed. Thus, the majority of the observations on CMV infection dynamics have been carried out in CMV-naive recipients of kidney transplant from CMV-seropositive donors ( Figure 2 ). The patients chosen for these fundamental kinetic studies were able to control the initial viremia and CMV latency was induced [40] . Generally, 7 days after the peak of CMV replication, CD4 + T cells specific for the virus start to circulate, and synthesize Th1 cytokines (e.g., IFN-γ, TNF-α) [49, 50] . Subsequently, CMV-specific CD8 + T cells appear in the peripheral blood. During primary CMV infection (Figure 2 , left panels), a very high percentage of virus-specific T cells have phenotypes of recently activated naive T cells co-expressing CD45RA and CD45R0 surface cell markers, and the cell cycleassociated nuclear marker Ki67. In acquiring effector capacity they usually do not express the chemokine receptor CCR7, which is associated with homing to lymph nodes. They lose expression of the co-stimulatory molecule CD28 and have variable expression of CD27 [40] . The first CD8 + T cells that can be detected to have a CD45RA − CD28 − CD27 + CCR7 − cell surface phenotype express both perforin and granzyme B, and are capable of lysing CMV peptide-presenting target cells [44, 51] . Following recovery from CMV infection, resting virus-specific CD8 + T cells express surface markers characteristic of memory T cells (CD45RA − CD45R0 + ). In the months after the primary response, CMV-specific CD8 + T cells gradually lost CD27 and re-acquire CD45RA expression, but still retain their HLA class I-restricted cytolytic potential (Figure 2 ).
During CMV latency, CMV-specific cells can be characterized by the expression of CD57, and do not cycle as shown by the lack of Ki67 expression [52] . Though CD8 + CD45RA + CD27 − phenotype is typically associated with terminal differentiation of CD8 + T cells, the CMV 'vigilant resting effector cells' are not exhausted and can be induced to expand vigorously [44, 53, 54] . Importantly, the Th1 cytokine signature with predominant production of IFN-γ characterizes both early and late virus-specific T cells, which accumulate during latency. The constitutive and persistent upregulation of a number of IFN-γ genes is regulated by a combination of multiple transcription factors. These provide CD8 + effectortype T cells with the capacity to almost instantaneously secrete cytokines upon T-cell receptor ligation, a mechanism that may be essential to antagonize viral replication upon reactivation of latent virus (Figure 2 ) [44] .
Atherosclerotic disease & immune senescence
The engagement of a substantial proportion of the immune system to CMV protects from CMV pathology, but may exert detrimental effects in immunocompetent individuals. The permanent high expression of IFN-γ and other Th1 cytokines by CMV-specific effector T cells induces a chronic proinflammatory state that has been hypothesized to be causally related to pathogenic effects on the vasculature [40] . Interestingly, a correlation was found between serum acute-phase response proteins, such as serum amyloid-A and CRP, and Th1 cytokines, such as IFN-γ, IL-18 and IFN-inducible protein-10 [38]. The high levels of CRP and IFN-γ typically measured in CMV-seropositive healthy individuals point to the involvement of both acute-phase response proteins and Th1 cytokines in generating atherosclerotic disease, an age-related inflammatory state in which Th1 cytokines play an important role [55, 56] . Increased serum IFN-γ levels promote macrophage and endothelial activation, resulting in increased expression of chemokines and adhesion molecules, finally leading to reduced plaque stability [57] . By the induction of a pool of highly differentiated cytotoxic cells capable of migrating to activated endothelium where they produce chemotactic cytokines, CMV could provide a positive feedback loop for the attraction and activation of immune effector cells to the vascular wall. A series of studies in octogenarian and nonagenarian individuals (reviewed in [6] ) indicated that CMV-induced chronic systemic activation of the immune system may also contribute to the acceleration of immune senescence. Immune senescence is an age-associated impairment of immune functions, and is thought to significantly increase mortality and morbidity due to infections in people >65 years of age. CMV infection, and in particular the way the immune system deals with this persisting pathogen, may be a major driving force behind the phenomenon of immunosenescence. Typically after viral clearance, the pool of effector cells decreases, leaving a relatively small pool of long-lived memory cells. By contrast, CMV infection changes the composition of the T-cell pool by inducing a decrease of naive T cells and a permanent increase of highly differentiated T cells accumulates with increasing age. This shift is accompanied by a rapid and sustained decrease in the telomere length of the lymphocyte pool, which has been shown to be a risk factor for mortality in elderly people and for age-related diseases [58] . Finally, the inflation of a monoclonal/oligoclonal pool of terminally differentiated CMV-specific T cells, though fully functional and essential for CMV immunosurveillance, can come to dominate the entire T-cell repertoire in the elderly, and may constrict the 'immunological space', displacing or impairing T cells specific for other antigens [6, 44, 59] . The CMV-driven progressive loss of T-cell repertoire diversity is therefore considered to be one of the major contributors to the 'immune risk phenotype', which predicts 2-year mortality in very elderly individuals [60] .
Immune immaturity & immune suppression
The effective homeostatic balance between CMV and the host prevents serious CMV complications in the healthy individual. However, in immunocompromised patients, and in the fetus and neonate, CMV infection can cause multiple types of clinical damage. Pre-and perinatal functional immaturity of the immune system, and impairment of T-cell immunity during post-transplant immune suppression profoundly affect control of CMV infection, leading to unchecked viral replication with consequent clinical disease and mortality.
Congenital CMV infection
As result of transplacental transmission, CMV constitutes the most commonly acquired congenital viral infection, causing major prenatal neurological damage (sensorineural hearing loss and other CNS abnormalities), which is particularly severe when primary maternal infection occurs during the first 16 weeks of pregnancy, when organs are developing and neuronal migration is occurring [11, 21, 61] . During gestation, anti-CMV antibodies in CMV-seropositive pregnant women play an important role in preventing congenital infection of the fetus [41] . Seronegative pregnant women carry an approximate 40% risk of CMV transmission to the fetus, though vertical transmission may also occur in seropositive pregnant women [11] . Clinical evidence has indicated that the neonatal cellmediated immune response to primary infection is delayed when compared with that of adults with the same primary infection [41] . In in vitro studies, neonatal T cells have shown reduced cytolytic activity and capacity to respond to primary antigen, stimulatory monoclonal antibodies and toxic shock toxin, resulting in deficient IL-2 production [61] . Though independent primary humoral and cellular immunity were detected in CMV congenitally infected newborns, the mature CMV-specific CD8 + T-cell responses were characterized by lower levels of IFN-γ and higher IL-8 levels when compared with adults [11] . In summary, the reduced immune responsiveness, the characteristic neonatal bias towards a Th2 response (unable to fight intracellular pathogens), the lack of the typical CMV Th1 signature, and the sustained IL-8 levels (which can directly augment CMV replication) are among the factors that prevent the generation of a protective immune response, leading to uncontrolled viremia and severe clinical damage in congenitally infected newborns.
CMV infection in transplantation
CMV is a major opportunistic pathogen following allogeneic transplantation, reflecting the inability of the immune-depressed host to limit viral replication. CMV infection or reactivation is a frequent cause of morbidity and mortality in immunocompromised transplant recipients. Antirejection regimens administered to limit T-cell-mediated graft rejection induce significant suppression of host antiviral immunity, targeting both the CD8 + and CD4 + T-cell compartments that are critical for CMV immune containment. This profound deficit allows uncontrolled CMV replication, and may lead to dissemination and development of life-threatening end-organ damage (CMV disease, including pneumonitis, colitis and hepatitis). Antiviral chemotherapy limits CMV infection, though its use can have significant toxicity, and may expose transplant recipients to the risk of multiple infections [7, 62] . Additionally, when antivirals are stopped or if immunodeficiency persists, patients may still develop late-onset CMV disease, often associated with antiviral resistance.
After allogeneic hematopoietic stem cell transplantation (HCT), a leading therapy for hematological malignancies, reconstitution of CMV-specific CD8 + T cells is essential to the control of CMV infection in CMV-positive recipients (R + ) [63] . Donor CMV status seems to play a major role in the extent and quality of CMV-specific immunity, which has profound effects on patient outcomes [10, 64] . Recent studies suggest that R + of HCT from a CMV seropositive donor (D + ) generate higher levels of multifunctional CMV-specific Tcells and require less antiviral therapy compared with D − R + HCT recipients. These results highlight the benefit of immunocompetent D + donors in whom a protective CMV response was developed in improving outcomes of R + HCT recipients [65] .
In solid organ transplantation (SOT), late CMV disease is most frequent and severe in R − recipients of a graft from a D + donor, with about one-third of these D + R − patients developing late CMV disease [7, 66] . The development of a primary CMV response in symptomatic recipients has been studied, and various immune defects involved in CMV disease have been elucidated. In a cohort of D + R − renal SOT recipients, specific CD8 + cytotoxic T-lymphocyte (CTL) and antibody responses developed regardless of clinical signs. Whereas in asymptomatic individuals the CMV-specific CD4 + T-cell response preceded CMV-specific CD8 + T-cell responses, the CMV-specific CD4 + T-cell response was delayed and only detectable after antiviral therapy in symptomatic individuals [67] . In more recent studies in D + R − renal and liver transplant cohorts, dysregulated T-cell immunephenotypes and cytokine responses were found to be associated with late CMV disease [68] [69] [70] [71] [72] . In a study from our group, we longitudinally monitored the negative immune-modulator PD-1 receptor on both CMV-specific CD4 + and CD8 + T cells in a liver transplant cohort. D + R − patients who developed CMV disease expressed elevated levels of PD-1 on CMVspecific T cells (Figure 3) [68, 70] . Upregulation of inhibitory molecules, such as PD-1 receptor, has been reported to impair T-cell immunity to persistent viruses [22, [73] [74] [75] . Further studies will be required to assess whether PD-1 upregulation may affect other virusspecific T cells in individuals who progress to CMV disease. Additionally, in the plasma of liver and renal D + R − patients diagnosed with CMV disease, increased levels of the immunosuppressive cytokine IL-10 were consistently detected ( Figure 4) [68, 71] . CMVspecific T cells were still functional when both PD-1 and IL-10 were upregulated; however, they showed a marked proliferation deficit, which may limit their ability to control viremia and clinically symptomatic CMV. Characterizing the post-transplant time course of immunosuppressive factors can lay the groundwork for a strategy to block negative immune modulators, restoring protective CMV immunity in immunocompromised SOT recipients [68, 70] .
Harnessing the host immune response
The attractiveness of harnessing the extensive immune response to CMV in healthy CMV seropositive patients has been the focus of major investigations and clinical trials in the last 30 years. A number of approaches to stimulate the host immune response to CMV have been evaluated, though no vaccine/immunotherapeutic strategy to prevent or treat CMV infection or disease has yet been licensed [13, 14] . The development of an anti-CMV vaccine remains a challenge, and the various immunogens formulated in the past three decades (reviewed in [13] ) showed limited efficacy compared with the success in controlling CMV disease after HCT of the adoptive immunotherapy pilot trials (reviewed in [14] ).
Vaccine
On the basis of the lifetime cost to the health care system and the impact of the virus on human suffering, the development of an effective prophylactic vaccine to prevent CMV symptomatic congenital disease and/or to prevent disease in immunocompromised individuals is a high priority and would be a highly cost-effective measure [13] . A successful vaccine strategy should ultimately aim to stimulate the innate and adaptive immune responses at the appropriate time. It is important to note that a vaccine approach to prevent congenital CMV disease and CMV-associated pathogenesis in transplant patients might be distinct, both humoral and cell-mediated immune responses might be necessary to prevent congenital disease, whereas cellular immune response alone might be sufficient to prevent virus-associated complications in transplant patients. In this perspective, as our knowledge of the immune response to CMV has progressed, various strategies have been developed, though a vaccine against CMV remains elusive. CMV vaccines has been obtained using attenuated or chimeric viruses, dense bodies, recombinant proteins, DNA, peptides and/or viral vectors (poxvirus/adenovirus) [13] . A number of subunit CMV vaccines tested in clinical trials targeted the abundant pp65 tegument protein, a major contributor to shaping the T-cell repertoire in CMV-exposed individuals [3] . CMV-infected cells express pp65 both early and late after infection, making it an appropriate vaccine target [76] [77] [78] . Importantly, it has been reported that T cells specific for CMV-pp65, a principal target for CTLs, can protect HCT recipients from CMV complications [3, 63, 76, [78] [79] [80] [81] .
Our group has successfully completed a Phase Ib study in healthy volunteers [77] , using two candidate CMV peptide vaccines composed of the HLA A*0201 pp65 495-503 cytotoxic CD8 + T-cell epitope fused to two different universal T-helper epitopes (either the synthetic PADRE or a natural Tetanus sequence) [77, 82] . HLA-restricted peptide epitopes are an untested option to develop a safe, noninfectious subunit CMV vaccine, avoiding CMV immune evasion mechanisms [3] . Results from this clinical study showed that the CMV peptide immunogens had acceptable safety profiles and elicited vaccine-driven expansion of pp65 T cells ( Figure 5 ) [77] . We are currently planning a Phase II trial in HLA A*0201 CMV-positive allogeneic HCT recipients to evaluate the safety and efficacy of the peptide vaccine in protecting HCT recipients from CMV complications [63, 80, 83] .
Though pharmacologic agents, such as acyclovir, ganciclovir (GCV) or its oral form valganciclovir (VAL), and foscarnet, limit virus replication, CMV remains an important cause of mortality after HCT [84] . Furthermore, there are side effects of antiviral chemotherapy that affect its use in the HCT patient. For example, the use of GCV/VAL is associated with a higher proportion of recipients becoming neutropenic and increased numbers of concomitant fatal bacterial and fungal infections [62, 84] . As GCV/VAL therapy has become ubiquitous in practice, delayed onset of CMV-pneumonia is more frequent, which suggests that GCV/VAL impairs immunologic reconstitution [10] . When antivirals are stopped or when virus resistance occurs, the same disease symptoms appear, only shifted to approximately 180 days post-HCT [63] . Thus, antivirals are at best a stop-gap measure, and their use does not address the major risks of late-onset CMV pneumonia, including early CMV reactivation and failure to reconstitute CMV-specific immunity [84] . In this context, our final goal is to develop a CMV vaccine that confers protective immunity early posttransplantation, until normal immunocompetence is re-established in the HCT recipient (6 months or earlier post-HCT), to reduce CMV morbidity and the use of antivirals [13] .
Immunotherapy
A direct correlation between levels of CMV-specific CTL responses and improved control of CMV viremia has been documented in immuno-compromised HCT patients over the past several years [85, 86] . Derived from these observations, the strategy of an adoptive transfer of CMV-specific T cells has been developed. Infusion of donor-derived CMV-specific CD8+ cytotoxic T-cell clones or cell lines can successfully transfer protective immunity [12, 14, 87] . Moreover, a number of investigations have indicated the importance of antiviral effector functions of T-helper cells in maintaining CTL responses after adoptive transfer, though few studies have actually tested this idea [12, 88] . A broad variety of clinical protocols for CMV-specific immunotherapy have been published, which vary regarding the isolation procedure, composition of cellular product, number of transferred cells and treatment efficacy [14] . A number of relatively small Phase I/II studies have demonstrated the feasibility of transferring CMV-specific T cells [12, 14, 79, 89] . Though presenting considerable technical challenges, they have all indicated that restoration of CMV-specific immunity can be accelerated without impacting graft-versus-host disease in those with CMV-seropositive donors. They also suggested that recovery of CMV-specific immunity correlates with clinical protection. These promising results confirm that cellular immunotherapy can accelerate long-term reconstitution of antiviral immunity in allogeneic transplant recipients, indicating that significant clinical benefits (such as reduction of secondary viral infection episodes) may be conferred, potentially reducing exposure to antiviral toxicities. In summary, cellular immunotherapy appears to be a fruitful area for investigation; however, randomized studies are strongly needed to establish the true efficacy of these promising strategies [14] .
Future perspective
In the last decade, considerable progress has been made in our understanding of the immunobiology of CMV, and in the diagnosis and treatment of CMV disease, providing an excellent platform in the development of protective immune strategies. Nonetheless, CMV remains an unmet health problem of clinical relevance for a substantial portion of the human population. Future studies would need to focus on dissecting the humoral and cellular immune response to the whole viral antigenic repertoire, in order to finally identify CMVprotective antigens and to acquire in-depth understanding of the immune mechanisms leading to the control of this persistent virus. Additionally, investigations related to elucidating the immune correlate of protection are going to be essential to improve treatment and design novel immune therapeutics. In this perspective, further insight into the phenotypes, dynamics and mechanism(s) leading to the unique memory T-cell inflation, and into the role of the 'vigilant resting effectors' in long-term protection and age-related diseases would need to play a major role. The mechanism by which CMV may cause or exacerbate graft rejection in the transplant setting also needs to be investigated. Examination into immune evasion mechanisms needs to be augmented, since viral immune modulators (such as, vIL-10) could ultimately be exploited to combat CMV. Finally, enhanced understanding of the interplay between innate and adaptive immunity will be instrumental to elucidate the factors inducing CMV latency. 
Executive summary
Human CMV
• Large, ubiquitous, double-stranded linear DNA, β-herpesvirus.
• Elicits very strong immunity, which is effective in controlling viral replication.
• Employs multiple immune-evasion strategies.
• Homeostatic host-virus balance is reached in healthy individuals.
• Lifelong latency is established.
• Rarely symptomatic in healthy subjects.
• Severe complications in immune-incompetent individuals.
First line of defense: innate immunity
• Innate detection by Toll-like receptor 2.
• Cytokines, type I IFN, upregulation of costimulatory molecules, NK cells.
Infection control: CMV-specific response
• Neutralizing antibodies to multiple CMV proteins: inhibit viral dissemination.
• Very large, broad and heterogeneous T-cell response: control of viremia.
• Predominant production of Th1 type cytokines.
• Induced latency.
• Memory T cells continue to inflate, still cytolytic, though terminally differentiated.
CMV pathogenesis
• May induce a chronic inflammation leading to atherosclerosis and age-related diseases.
• In utero infection is usually severe, causing neurological damage.
• High morbidity and mortality in immunosuppressed individuals.
• Involved in graft rejection.
Immune therapeutic approaches
• Vaccine: none licensed, various ongoing Phase I/II clinical trials.
• Adoptive transfer of CMV-specific T cells: promising pilot studies, no randomized trials yet.
Future perspective
• Protective antigens need to be identified and included in vaccine/ immunotherapy strategies.
• Immune correlates of protection are likely to be discovered.
• More studies on immune evasion are needed to exploit viral immune modulators. The peculiar differentiation stages of CMV-specific CD8 + T cells during primary infection, memory and latency [44] . Effector cells are markedly cytolytic and have a dominant Th1 cytokine production, which is the permanent CMV signature for both early-and late-stage CMV-specific T cells. In contrast to other viral infections, the memory pool does not contract after viral clearance, but keeps inflating and will eventually dominate the T-cell memory compartment. Although the phenotype of the CMV-specific CD8 + T cells during latency is typical of terminal differentiation, these cells can further expand and produce Th1 cytokines as if they were resting effectors [40] . This unique feature may be crucial in rapidly antagonizing virus replication upon reactivation of latent virus. On the downside, the high expression of IFN-γ may subtly increase the overall proinflammatory status, which may be causally related to pathogenic effects of CMV on the vasculature [55] . tetramer (black dots, see Figure 1 ) was detected in both viremic recipients. However, in the case of the D + R − patient with CMV disease, there are significantly higher levels of the negative immune-modulator PD-1 receptor on CMV-specific CD8 + T cells (gray filled curve, obtained as detailed in [70] ). Importantly, PD-1 levels measured on CMV-specific T cells in healthy individuals were significantly lower than levels detected in the D + R − cohort, exclusively when these patients were symptomatic for CMV disease [70] . Upregulation of PD-1 receptor impairs T-cell ability to contain viremia and can lead to CMV disease [68, 70] . Blocking negative immune modulators may restore protective CMV immunity in SOT recipients [68, 70] 
